By means of hybrid simulations, we present a study on plasma heating by the field-aligned parametric decay of a monochromatic left-handed polarized Alfvén wave. Simultaneous multidimensional comparisons of the wave modes and proton kinetics suggest that parametric decay of Alfvén waves and pitch angle scattering of solar wind protons are interrelated. Parametric decay mechanism yields counter-propagating Alfvén waves that can shape and broaden via pitch angle scattering mechanism 5 both the sunward and antisunward sides of the proton velocity distribution functions in agreement with in situ measurements of fast stream solar wind plasmas.
Introduction
Early in situ measurements at 1AU from VELA satellite (Bame et al., 1975) reveal that the velocity distribution function of 10 solar wind protons is broader in direction perpendicular to the mean magnetic field compared to the parallel distribution, thus indicating that the perpendicular temperature is higher than the parallel temperature. Marsch et al. (1982) have found by using Helios 1 and Helios 2 data such plasma heating occuring in high speed solar wind streams from 0.3 to 1.0 AU. The problem of acceleration and heating of ions in solar wind and solar corona is vast and has been discussed for a long time in space plasma physics, see e.g., the reviews of Marsch (2006) ; Ofman (2010) . Theoretical models based on cyclotron resonant-or 15 non-resonant-processes have been proposed to explain the heating of solar corona and solar wind. All of these models are related to the pitch angle scattering of protons. Marsch and Tu (2001) have shown for the first time the observational evidence for the occurrence of the pitch angle scattering of solar wind protons, driven by resonance with ion cyclotron waves propagating outwards the Sun. The ions in resonance with transversal cyclotron waves conserve their total kinetic energy in a frame moving with the phase velocity of the wave while their velocity distribution functions show a plateau observed through circular contours of constant density in phase space. Thus, the perpendicular broadening of the left hand part of the measured distributions (the sunward part) has been explained through 5 the pitch angle scattering of solar wind protons resonantly interacting with the outward propagating waves. However, this process cannot explain the antisunward part of the core distribution. Araneda et al. (2007) suggest, on basis of the conclusions discussed by Marsch and Tu (2001) , that a candidate which is able to elucidate this mystery could be the parametric decay instability, a process so rarely detected by in situ measurements in space plasmas (see e.g., Spangler et al., 1997) .
Parametric instabilities play an important role in the dissipation of the large amplitude Alfvén waves with parallel or quasi-10 parallel propagation with respect to the mean magnetic field and in plasma heating by means of the ion Landau damping mechanism. Parametric instabilities including decay, modulational, and beat instabilities, have been extensively analyzed by theoretical studies (see e.g., Viñas and Goldstein , 1991) or numerical magnetohydrodynamics MHD (e.g., Ghosh et al., 1993; Ghosh and Goldstein, 1994; Del Zanna et al., 2001 ) and particle-in-cell or hybrid (e.g., Terasawa et al., 1986; Matteini et al., 2010a, b; Verscharen et al., 2012; Gao et al., 2013; Nariyuki et al., 2014) simulations. In the MHD picture, the plasma 15 heating by the Alfvén wave can occur through generation and steepening of magnetosonic waves. A shock wave is formed as a result of the wave steepening at a late (and nonlinear) saturation stage of the parametric decay. In the kinetic picture, hybrid simulations prove that the heating mechanism is completed by kinetic effects and a beam can be created in the ion distribution function due to the non-linear trapping of protons (see e.g., Araneda et al., 2008; Matteini et al., 2010a, b) . By using hybrid simulations, Nariyuki et al. (2012) show that monochromatic Alfvén waves with circularly left-handed polarization are quickly 20 dissipated by a beam driven by kinetic Alfvén waves. Nariyuki et al. (2014) also discuss on the collisionless damping of the field aligned Alfvén waves at low frequency in solar wind plasmas with or without the presence of a proton beam. The velocity beam formation is however restricted by the conditions of beta plasmas. On the assumption of cold electrons, the electric field is decoupled from the density fluctuations and the formation of the beam is inhibited (see e.g., Matteini et al., 2010a) . By means of 2D hybrid simulations, Gao et al. (2013) recently suggest that under such conditions relevant for the solar corona, the 25 obliquely-propagating Alfvén daughter waves driven by the parametric decay could stochastically heat the plasma.
Here we present a numerical study on plasma heating by the decay of a large amplitude monochromatic Alfvén wave propagating along the mean magnetic field in a multidimensional simulation box immersed in a uniform low beta electron proton collisionless plasma. By analyzing the velocity distribution functions and the time history of the wave modes obtained from one-, two-, and three-dimensional hybrid simulations, we report that parametric decay and pitch angle scattering mechanisms 30 are both involved in broadening the entire proton velocity distribution in direction perpendicular to the mean magnetic field.
The left-handed circularly polarized Alfvén pump wave with forward propagation does perpendicularly broaden one side of the particle velocity distributions while the backward propagating Alfvén daughter wave enlarges the other side, respectively.
Hybrid simulation and discussion on results
The hybrid simulations are conducted in 1D, 2D and 3D setups by using the hybrid code AIKEF (Mueller et al., 2011) . The one-dimensional box has a length of L 1 =720 d i while in the two-dimensional setup, L 1 =L 2 =288 d i on each direction. Here, Terasawa et al., 1986) . The initial setup of the pump waves is identical for all the 1D, 2D and 3D configurations.
The parametric decay of the Alfvén wave is a 3-wave process involving a large amplitude pump wave, a longitudinal daughter wave with the same direction of propagation as the pump wave and a counter-propagating transverse daughter wave. Figure 1 shows the time profiles for the magnetic field energy of the pump wave (labeled by E Here, the number of particles is represented in a color coded scale with a minimum defined by the lightest nuance of gray. At The velocity distribution functions (VDF) in Fig. 3 (at tΩ p =600) indicate that the parallel wave scattering is more efficient in 10 broadening the phase space density for the 1D system. The perpendicular wave scattering, in contrast, is effective in the threedimensional run. The dashed lines drawn at time tΩ p =600 in panel 3f represent arcs of circles with centers localized along the v axis at the position corresponding to the phase velocities of Alfvén pump wave (V ph = ω 0 /k 0 V A ≈-0.9) and Alfvén daughter wave (V ph = ω/kV A ≈+0.9), respectively. They describe the particle velocity in the wave frame, v = (v − V ph ) 2 + v 2 ⊥ . According to pitch angle scattering model, the particle energy, E=mv with that observed at earlier time (tΩ p =300 in panel 3c). We expect that at later times (tΩ p >600) when the effects of the initial wave field should disappear, the matching will be improved. By comparing panel 3c and panel 3f, we note that the time evolution of the VDF is primarily controlled by the pitch angle scattering mechanism. The inner contour line corresponding to 0.6 of the maximum phase space density (panel 3c) evolves closely bounded by the dashed line satisfying the particle energy conservation in the wave field referential (panel 3f). In contrast, panel 3d corresponding to the 1D system does not have this 5 feature while panel 3e related to the 2D setup shows a better agreement for the left part (negative parallel velocities) of VDF.
At time tΩ p =600, the contour line corresponding to fraction of 0.1 of maximum phase space density is best described by the pitch angle scattering model in panel 3f and partially in panel 3e. Again, panel 3d shows disagreement due to the larger parallel scattering developed in the 1D system.
Another interesting result from the upper panels in Fig. 1 is that the E D fluctuation energy of daughter mode decreases 10 with increasing spatial dimension, while the level of the density fluctuation is similar. In the paradigm of resonant cyclotron interaction with the protons could be understood the fate of the fluctuating energy of the parallel-propagating daughter wave in the 3D system. On the other hand, the obliquely-propagating waves, more robust in the fully three-dimensional system, could also contribute to the perpendicular scattering of protons and finally heating anisotropically the plasma.
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We studied the proton acceleration and heating driven by the parametric decay of a large amplitude Alfvén wave in the linear and nonlinear stage of the instability in a multidimensional system. By comparing the wave modes and proton velocity distribution functions, we conclude that the pitch angle scattering on the parallel propagating daughter-and mother-Alfvén waves is the key mechanism which describes the perpendicular broadening of the particle velocity distribution functions. In the 3D system, the conditions for resonant cyclotron interactions of ions with the left-handed Alfvén waves are apparently fulfilled especially at the non-linear stage evolution of the decay process. Further studies are needed for a better understanding of this circumstance by using a larger panel of initial resonant conditions for the particles and wave fields, or different values of the ion and electron temperatures. Tsurutani et al. (2005) discuss on a close relation between the perpendicular acceleration of protons, the phase-steepened
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Alfvén waves, and the magnetic field decreases observed preponderantly in the fast streams of interplanetary solar wind.
Parametric decay and pitch angle scattering could play also a role for a better understanding of the connection between the mentioned observations. Nevertheless, the result discussed in this paper can invoke that that parametric decay, besides its implication in the reduction of the cross-helicity in the solar wind and in the local production of turbulence, would also play a key role in pitch angle scattering of the solar wind protons and finally in the perpendicular temperature anisotropy observed in 15 the inner heliosphere.
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